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ABSTRACT
With their smaller radii and high cosmic abundance, transiting planets around cool stars hold a
unique appeal. As part of our on-going project to measure the occurrence rate of extrasolar moons,
we here present results from a survey focussing on eight Kepler planetary candidates associated with
M-dwarfs. Using photodynamical modeling and Bayesian multimodal nested sampling, we find no
compelling evidence for an exomoon in these eight systems. Upper limits on the presence of such
bodies probe down to masses of ∼ 0.4M⊕ in the best case. For KOI-314, we are able to confirm the
planetary nature of two out of the three known transiting candidates using transit timing variations.
Of particular interest is KOI-314c, which is found to have a mass of 1.0+0.4−0.3M⊕, making it the lowest
mass transiting planet discovered to date. With a radius of 1.61+0.16−0.15R⊕, this Earth-mass world is
likely enveloped by a significant gaseous envelope comprising ≥ 17+12−13% of the planet by radius. We
also find evidence to support the planetary nature of KOI-784 via transit timing, but we advocate
further observations to verify the signals. In both systems, we infer that the inner planet has a higher
density than the outer world, which may be indicative of photo-evaporation. These results highlight
both the ability of Kepler to search for sub-Earth mass moons and the exciting ancillary science which
often results from such efforts.
Subject headings: techniques: photometric — planetary systems — planets and satellites: detection —
stars: individual (KIC-8845205, KIC-7603200, KIC-12066335, KIC-6497146, KIC-
6425957, KIC-10027323, KIC-3966801, KIC-11187837; KOI-463, KOI-314, KOI-
784, KOI-3284, KOI-663, KOI-1596, KOI-494, KOI-252)
1. INTRODUCTION
In recent years, there has been a concerted effort to
determine the occurrence rate of small planets around
main-sequence stars across a broad range of spec-
tral types and orbital period using various observa-
tional techniques and strategies (e.g. Howard et al.
2010; Mayor et al. 2011; Bonfils et al. 2013; Fressin et al.
2013; Dressing & Charbonneau 2013; Dong & Zhu 2013;
Petigura et al. 2013). The emerging consensus from
these studies is that small planets are indeed common
with occurrence rates ranging from 5%-90% for differ-
ent size and periods ranges. What remains wholly un-
clear is the occurrence rate of “large” (& 0.1M⊕) moons
around viable planet hosts. Like mini-Neptunes and
super-Earths, there are no known examples of such ob-
jects in the Solar System but their prevalence would pro-
vide deep insights into the formation and evolution of
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planetary systems, as well as providing a potentially fre-
quent seat for life in the cosmos (Williams et al. 1997;
Heller 2012; Heller et al. 2013; Forgan & Kipping 2013).
Determining the occurrence rate of large moons consti-
tutes the primary objective the “Hunt for Exomoons with
Kepler” (HEK) project, which seeks evidence of transit-
ing satellites in the Kepler data (Kipping et al. 2012).
By establishing the occurrence rate as our primary ob-
jective, the strategy of our survey requires careful consid-
eration of upper limits and prior inputs and is therefore
substantially more challenging than a simple “fishing-
trip” style survey. For these reasons, HEK conducts the
survey in a rigorous Bayesian framework, which comes
at the acceptable cost of higher computational demands.
In previous works, we have surveyed eight planetary
candidates around G and K dwarfs for evidence of exo-
moons, with no compelling evidence for such an object
identified thus far (Kipping et al. 2013a,b). Despite null
detections, Earth-mass and sub-Earth-mass moons are
excluded in many cases (Kipping et al. 2013a). Although
there have been no transiting exomoon candidates pub-
lished at this time, recently Bennett et al. (2013) re-
ported a candidate free floating planet-moon pair via mi-
crolensing for MOA-2011-BLG-262. Unfortunately, this
object cannot be distinguished from a high velocity plan-
etary system in the Galactic bulge (Bennett et al. 2013),
nor is there much prospect of obtaining a repeat mea-
surement to confirm the signal. At this time, the sample
of planets for which statistically robust limits has been
determined is too small to broach the question of occur-
rence rates. The purpose of this work is to extend the
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sample of planetary candidates which have been system-
atically and thoroughly examined for evidence of exo-
moons.
For our second systematic survey, we focus on plan-
etary candidates orbiting M-dwarfs (Teff < 4000K) in
the Kepler sample. Although considerably rarer than
FGK hosts in a magnitude limited survey like Kepler
(Dressing & Charbonneau 2013), M-dwarfs offer several
major advantages for seeking exomoons. The most cru-
cial advantage is that since the stars are typically two
to three times smaller than a Sun-like host, an Earth-
sized moon produces a four to nine times greater tran-
sit depth. This advantage is somewhat tempered by
the lower intrinsic luminosities of the targets, leading to
fainter apparent magnitudes (median Kepler magnitude
of our sample is 14.8) and thus higher photometric noise.
However, at such faint magnitudes, Kepler’s noise budget
is photon-dominated and thus the chance of instrumental
and time-correlated noise inducing spurious photometric
signals masquerading as moons is considerably attenu-
ated. Finally, we note that for all things being equal
except the spectral type of a host star, a planet’s Hill
radius for stable moon orbits is modestly larger (by 25-
45%) in M-dwarf systems. The great unknown we cannot
factor into our choice of spectral types is whether the un-
derlying occurrence rate of large moons is fundamentally
distinct for M-dwarfs than other spectral types, since no
confirmed detections of exomoons exist at this time.
2. METHODS
2.1. Target Selection (TS)
From the thousands KOIs (Kepler Objects of Interest)
known at this time, we aim to trim the sample down to
just eight objects for our survey. This is necessary since
each object requires decades worth of computational time
to process (Kipping et al. 2013b). The first cut we make
was defined earlier in the introduction, where we only
consider host stars for which Teff < 4000K. Reliable stel-
lar parameters are challenging to determine for these cool
faint stars but recent near-infrared spectroscopy cam-
paigns by Muirhead et al. (2012) and Muirhead et al.
(2014) provide arguably the most accurate estimates for
the cool KOIs. We therefore limit our sample to only
M-dwarfs included in these two catalogs, which contains
203 KOIs spread over 134 host stars.
In this work, Target Selection (TS) is conducted
using the Target Selection Automatic (TSA) algo-
rithm described in Kipping et al. (2012) and updated
in Kipping et al. (2013a). From the 203 KOIs in the
Muirhead et al. (2012) and Muirhead et al. (2014) cat-
alogs, we only further consider KOIs which satisfy the
following criteria: i) dynamically capable of maintain-
ing a retrograde Earth-mass moon for 5Gyr following
the calculation method outlined in Kipping et al. (2012)
(which uses the expressions of Barnes & O’Brien 2002
and Domingos et al. 2006), ii) an Earth-sized transit
with the same duration as that of the KOI would be de-
tectable to ΣSNR > 7.1 when all transit epochs are used
and iii) an Earth-sized transit with the same duration as
that of the KOI would be detectable to SNRi > 1 for
a single transit epoch. These three constraints are the
same as those in Kipping et al. (2012) except that we
slightly modify the SNR equation to account for transit
duration more appropriately using
SNRi =
(R⊕/R⋆)
2
CDPP6
√
T14
6 hours
, (1)
ΣSNR = SNRi
√
Ntransits, (2)
where CDPP6 is the Combined Differential Photomet-
ric Precision over 6 hours (Christiansen et al. 2012), T14
is the first-to-fourth contact duration, Ntransits is the
number of usable transits in the time series, R⊕ is one
Earth-radius and R⋆ is the stellar radius. These filters
leave us with 27 KOIs from which we have selected eight
objects to study in this work. The eight planetary can-
didates are listed along with some basic parameters in
Table 1. Additionally, we list the employed stellar pa-
rameters of each host star in Table 2.
We noted that KOI-314, being an unusually bright
Kepler M-dwarf at 12.9 apparent magnitude, has con-
siderably more follow-up available than the other seven
targets. Specifically, Pineda et al. (2013) have derived
stellar parameters for this object by stacking high-
resolution spectra taken from Keck/HIRES and compar-
ing to empirically derived templates of well-characterzied
M-dwarfs. We therefore use the Pineda et al. (2013)
stellar parameters rather than those of Muirhead et al.
(2014) for this unique case. Pineda et al. (2013) do not
provide the effective temperature, however, and so we
defer to the measurement of Mann et al. (2013) for this
parameter.
2.2. Detrending with CoFiAM
In order to search for the very small expected ampli-
tudes of exomoon signals and accurately model the plane-
tary transits, it is necessary to remove the flux variations
due to both instrumental effects and several astrophysical
effects. In what follows, we use the Simple Aperture Pho-
tometry (SAP) for quarters 1-15 and perform our own
detrending rather than relying on the Presearch Data
Conditioning (PDC) data. Short-cadence (SC) data is
used preferentially to long-cadence (LC) data wherever
available. Short-term variations such as flaring, point-
ing tweaks and safe-mode recoveries (charge trapping)
are removed manually by simple clipping techniques.
Long-term variations, such as focus drift and rotational
modulations, are detrended using the Cosine Filtering
with Autocorrelation Minimization (CoFiAM) algorithm.
CoFiAM was specifically developed to aid in searching for
exomoons and we direct the reader to our previous papers
Kipping et al. (2012, 2013a) for a detailed description.
To summarize the key features of CoFiAM, it is essen-
tially a Fourier-based method which removes periodici-
ties occurring at timescales greater than the known tran-
sit duration. This process ensures that the transit profile
is not distorted and if we assume that a putative exo-
moon does not display a transit longer than the known
KOI, then the moon’s signal is also guaranteed to be
protected. CoFiAM does not directly attempt to remove
high frequency noise since this process could also easily
end up removing the very small moon signals we seek.
However, CoFiAM is able to attempt dozens of differ-
ent harmonics and evaluate the autocorrelation at a pre-
selected timescale (we use 30minutes) and then select the
harmonic order which minimizes this autocorrelation, as
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TABLE 1
General properties of the planet candidates studied in this work and used as inputs for our TSA algorithm. SNR (Signal-to-Noise Ratio)
is defined in Equation 2. Planetary radii were taken from the Muirhead et al. (2012), except for KOI-1596.02 for which we use
Dressing & Charbonneau (2013) radius.
KOI PP [days] RP [R⊕] SNRi ¯SNR Multiplicity Teq [K] KP
KOI-463.01 18.5 1.50 3.27 30.37 1 268 14.7
KOI-314.02 23.0 1.68 4.07 33.74 3 431 12.9
KOI-784.01 19.3 1.67 1.20 10.86 2 395 15.4
KOI-3284.01 35.2 0.91 2.24 15.02 1 286 14.5
KOI-663.02 20.3 1.58 3.52 31.16 2 534 13.5
KOI-1596.02 105.4 2.35 1.87 7.27 2 308 15.2
KOI-494.01 25.7 1.65 2.23 17.50 1 405 14.9
KOI-252.01 17.6 2.36 1.43 13.59 1 472 15.6
TABLE 2
General properties of the planet candidate host stars studied in this work. Last column provides the reference from which we lift the
stellar parameters. † implies effective temperature comes from Mann et al. (2013) instead of the quoted reference.
KOI Teff [K] log g M∗ [M⊙] R∗ [R⊙] Sp. Type Reference
KOI-463 3389+57−41 4.96
+0.14
−0.13 0.32± 0.05 0.31± 0.04 M3V Muirhead et al. (2014)
KOI-314 3871+58−58
† 4.73+0.09−0.09 0.57± 0.05 0.54± 0.05 M1V Pineda et al. (2013)
KOI-784 3767+135−51 4.78
+0.13
−0.12 0.51± 0.06 0.48± 0.06 M1V Muirhead et al. (2012)
KOI-3284 3748+50−100 4.75
+0.08
−0.07 0.55± 0.04 0.52± 0.04 M1V Muirhead et al. (2014)
KOI-663 3834+50−57 4.78
+0.13
−0.12 0.51± 0.06 0.48± 0.06 M1V Muirhead et al. (2012)
KOI-1596 3880+143−103 4.77
+0.14
−0.14 0.51± 0.07 0.49± 0.07 M0V Muirhead et al. (2012)
KOI-494 3789+219−159 4.78
+0.22
−0.20 0.50± 0.10 0.48± 0.10 M1V Muirhead et al. (2012)
KOI-252 3745+53−71 4.76
+0.06
−0.06 0.54± 0.03 0.51± 0.03 M1V Muirhead et al. (2014)
quantified using the Durbin-Watson statistic. This “Au-
tocorrelation Minimization” component of CoFiAM pro-
vides optimized data for subsequent analysis. In contrast
to the initial sample studied in Kipping et al. (2013a), we
found that none of the eight detrended KOI light curves
retained significant (> 3σ) autocorrelation after CoFiAM,
which is consistent with a photon-noise dominated sam-
ple, which one might expect for these generally fainter
targets.
2.3. Light Curve Fits
The transit light curves for a planet-with-moon sce-
nario (model S) are modeled using the analytic photo-
dynamical algorithm LUNA (Kipping 2011a), as with pre-
vious HEK papers. Photodynamical modeling accounts
for not only the transits of the planet and the moon but
also the transit timing and duration variations (TTVs
and TDVs) expected (Kipping 2009a,b) in a dynamic
framework. These fits always assume just a single moon
and thus our search is implicitly limited to such cases.
For comparison, we consider a simple planet-only model
(model P) as well, for which we employ the standard
Mandel & Agol (2002) routine. Finally, we perform a
planet fit on each individual transit to derive TTVs and
TDVs (model I), which is useful in comparing our moon
model against perturbing planet models later on.
Light curve fits are performed in a Bayesian frame-
work with the goal of both deriving parameter posteri-
ors and computing the Bayesian evidence (Z) for each
model. The moon fits are particularly challenging re-
quiring 14 free parameters exhibiting a large number of
modes and complex inter-parameter correlations. To this
end, we employ the multimodal nested sampling algo-
rithm MultiNest (Feroz et al. 2008, 2009) as with pre-
vious HEK papers. For all fits, we use 4000 live points
with a target efficiency of 0.1 and use the same parameter
sets and priors described in Kipping et al. (2013a), giving
us 7 free parameters for model P and 14 for S. The only
change from the Kipping et al. (2013a) priors, is that we
fit the quadratic limb darkening coefficients using the q1-
q2 parameter set suggested in Kipping (2013a), which
provides more efficient parameter exploration. Contam-
ination factors for each quarter are accounted for us-
ing the method devised in Kipping & Tinetti (2010) and
long-cadence data is resampled using Nresam = 30 follow-
ing the technique devised in Kipping (2010).
In Kipping et al. (2013a), we described four basic de-
tection criteria (B1-B4) to test whether an exomoon fit
can be further considered as a candidate or not. The
criteria essentially demand that the moon signal is both
significant and physically reasonable:
B1 Improved evidence of the planet-with-moon fits at
≥ 4σ confidence.
B2 Planet-with-moon evidences indicate a preference
for a) a non-zero radius moon b) a non-zero mass
moon.
B3 Parameter posteriors are physical, in particular ρP .
B4 a) Mass and b) radius of the moon converge away
from zero.
One slight difference to Kipping et al. (2013a) is that
we have split some of the basic detection criteria into sub-
criteria. This will be useful later since it is often easier to
evaluate just a subset of the sub-criteria and a failure to
pass one of these allows us to quickly reject the object as
an exomoon candidate. Note that in practice we reject
any trials for which the density of the planet is excessively
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low and this causes the radius of the moon to be non-zero
and so criterion B4b is always satisfied by virtue of the
priors used in our model. B4a is defined as being satisfied
if there is a less than a 5% false-alarm-probability of the
satellite-to-planet mass ratio (MS/MP ) being zero using
the Lucy & Sweeney (1971) test.
Another change we implement follows the strategy
used recently for Kepler-22b (Kipping et al. 2013b),
where we allow LUNA to model negative-radius moons
(which we treat as inverted transits) during model S.
By doing so, it is no longer necessary to run a separate
moon fit to test B2a, where we would have previously
locked the radius to zero (although this fit is sometimes
still a useful tool). This trick essentially saves compu-
tation time yet retains our ability to test sub-criterion
B2a. We define that sub-criterion B2a is unsatisfied if
the 38.15% quantile (lower 1σ quantile) of the derived
satellite-to-planet radius ratio (RS/RP ) is negative.
Although we use precisely the same definition for B1
as that of previous papers, we reiterate here that B1 is
computed by evaluating if the Bayesian evidences be-
tween models P and S indicates a ≥ 4σ preference for
the latter.
If all of the basic detection criteria are satisfied, we also
have three follow-up criteria described in Kipping et al.
(2013a) to further vet candidates. The concept here is
to only fit 75% of the available data in the original tran-
sit fits and thus deliberately exclude 25% of time series,
which serves as “follow-up” data.
F1 All four basic criteria are still satisfied when new
data is included.
F2 The predictive power of the moon model is superior
to that of a planet-only model.
F3 A consistent and statistically enhanced signal is re-
covered with the inclusion of more data.
The most powerful of these criteria is F2 and this
test is performed for all KOIs studied in this work. In
Kipping et al. (2013a), the 75% original data was con-
sidered to be quarters 1-9 and the follow-up data was
quarter 10-12. In this framework, F2 tests the extrapo-
lated best moon model fit. One significant change in this
work is that we now choose the 25% follow-up data to lie
somewhere around the middle of our total available time
series. This means that F2 now tests an interpolation of
the model rather than an extrapolation. An advantage
of doing this is that parameters such as the orbital pe-
riod of the planet are best constrained by maximizing
the baseline of available data and so this new approach
allows for improved parameter estimates.
3. RESULTS
3.1. Overview
In this work, all eight KOIs can be placed into one
of three categories: i) null detections (§3.2), ii) spurious
photometric detections (§3.3) and iii) spurious dynamical
detections (§3.4). Each category is defined in the relevant
subsection but it should be clear from their naming that
we find no confirmed or candidate exomoons in this sam-
ple. For each KOI system studied, the TTVs and TDVs
of all planetary candidates can be seen in Figures 1-8.
Parameter estimates from the marginalized posteriors of
the favored light curve model are provided for all KOIs
in Table 3, except KOI-314 and KOI-784 which are avail-
able later in Table 6.
3.2. Null Detections
The first category of objects we discuss in this sec-
tion are the null detections. We define these objects to
be ones for which the mode of the derived satellite-to-
planet mass ratio (MS/MP ) posterior distribution is at,
or close to, zero plus other detection criteria are also
failed. Note that this is distinct from requiring that the
objects fail criterion B4a, although any object in this
category will indeed fail B4a too. We find five objects
in this category: KOI-663.02, KOI-1596.02, KOI-494.01,
KOI-463.01 and KOI-3284.01. Null detections, such as
these, allow for a simple calculation of the upper limit on
the ratio (MS/MP ) by posterior marginalization. These
upper limits range from 0.29 to 0.92 (95% confidence up-
per limits) and are available in Table 3.
As well as failing criteria B4a, all of these objects fail
at least one other detection criteria, as listed in Table 4.
For several cases, a periodogram search of the TTVs and
TDVs for these objects appears to indicate possible per-
turbations, as shown in Figures 1-5. We have listed the
most significant peaks from a periodogram search in Ta-
ble 5.
KOI-463.01 and KOI-3284.01 are two single KOI sys-
tems which show > 4 σ significant TTVs (from an F-
test). This may therefore be evidence for additional
planets although we consider the signal-to-noise of the
available data insufficient to reliably deduce a unique un-
seen perturber solution. We consider the TTVs/TDVs
of the only other single KOI classed as an exomoon null-
detection, KOI-494.01, to be insignificant.
Two out of the five null detection cases reside in multi-
transiting planet systems where interactions may be a-
priori expected. However, the period ratios between
KOI-663.02/KOI-663.01 and KOI-1596.02/KOI-1596.01
are 7.4 and 17.8 respectively i.e. too far to expect signif-
icant interactions. This point is reinforced empirically by
noting that the periodograms show no strong overlapping
peaks and no significant (≥ 4σ) power. We are there-
fore unable to confirm these two multi-planetary systems
using TTVs.
3.3. Spurious Photometric Detections
A spurious photometric detection is one where we hy-
pothesize that a residual amount of time-correlated noise
drives a non-zero satellite radius solution, which then it-
self drives a non-zero satellite mass solution due to the
fact we enforce only physically reasonable satellite densi-
ties in the fits. We identify such cases by the fact that: i)
the posterior distribution for (MS/MP ) does not peak at
zero (and thus it is not a “null” detection), ii) other de-
tection criteria are failed (suggesting some kind of spuri-
ous detection) and iii) performing a fit where the moon’s
radius is fixed to zero (model SR0) yields an (MS/MP )
posterior which peaks at zero, as expected for a null de-
tection. This final point indicates that when we switch
off the moon’s radius, the planet no longer seems to be
perturbed and thus the moon’s radius was likely a result
of the regression fitting out non-astrophysical artifacts
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TABLE 3
Final parameter estimates from the favored light curve model for KOIs studied in our sample, except KOI-314 and KOI-784 which are
provided in Table 6. In all cases, the favored model is a simple planet-only model.
KOI 463.01 3284.01 663.02 1596.02 494.01 252.01
P . . . . . . . . . . . . . 18.477637+0.000014−0.000014 35.23266
+0.00027
−0.00026 20.306531
+0.000023
−0.000022 105.35794
+0.00060
−0.00064 25.695907
+0.000070
−0.000070 18.604627
+0.00022
−0.000022
τ [BKJDUTC] . 758.07461
+0.00033
−0.00033 769.5611
+0.0036
−0.0034 781.85484
+0.00049
−0.00049 665.4733
+0.0023
−0.0023 779.7936
+0.0012
−0.0012 874.68224
+0.00055
−0.00052
(RP /R⋆) . . . . . 0.0475
+0.0011
−0.0010 0.01837
+0.011
−0.010 0.02431
+0.00105
−0.00055 0.0355
+0.0020
−0.0018 0.03246
+0.0107
−0.0095 0.0457
+0.0035
−0.0022
ρ⋆,obs [g cm
−3] 27.0+3.8−8.5 3.41
+0.98
−1.45 7.2
+1.1
−2.4 15.5
+3.7
−6.6 3.64
+0.60
−1.35 2.1
+1.5
−1.2
b . . . . . . . . . . . . . . 0.29+0.25−0.20 0.30
+0.32
−0.21 0.31
+0.26
−0.21 0.31
+0.31
−0.21 0.30
+0.29
−0.21 0.58
+0.21
−0.38
q1 . . . . . . . . . . . . 0.22
+0.28
−0.13 0.43
+0.36
−0.28 0.42
+0.25
−0.14 0.50
+0.32
−0.28 0.27
+0.33
−0.17 0.47
+0.32
−0.20
q2 . . . . . . . . . . . . 0.29
+0.38
−0.21 0.44
+0.35
−0.30 0.62
+0.25
−0.26 0.51
+0.31
−0.31 0.37
+0.38
−0.25 0.27
+0.36
−0.17
RP [R⊕] . . . . . . 1.61
+0.21
−0.21 1.04
+0.11
−0.10 1.28
+0.17
−0.16 1.90
+0.30
−0.29 1.70
+0.36
−0.36 2.56
+0.23
−0.20
u1 . . . . . . . . . . . . 0.48
+0.18
−0.20 0.78
+0.45
−0.40 0.99
+0.13
−0.14 0.91
+0.38
−0.38 0.59
+0.25
−0.26 0.74
+0.17
−0.25
u2 . . . . . . . . . . . . −0.03
+0.30
−0.18 −0.18
+0.32
−0.30 −0.36
+0.20
−0.11 −0.26
+0.33
−0.26 −0.10
+0.30
−0.19 −0.03
+0.31
−0.29
Seff [S⊕] . . . . . . 0.896
+0.248
−0.098 2.23
+0.99
−0.38 3.12
+0.96
−0.35 0.221
+0.100
−0.041 3.54
+1.41
−0.80 7.7
+5.4
−2.3
(ρ⋆,obs/ρ⋆,true) 1.65
+0.97
−0.70 0.59
+0.27
−0.26 1.01
+0.57
−0.42 2.3
+1.7
−1.2 0.51
+0.51
−0.29 0.36
+0.26
−0.19
emin . . . . . . . . . . 0.18
+0.14
−0.12 0.18
+0.18
−0.13 0.00
+0.17
−0.00 0.00
+0.17
−0.00 0.22
+0.25
−0.22 0.33
+0.21
−0.17
(MS/MP ) . . . . < 0.92 < 0.29 < 0.52 < 0.60 < 0.66 < 0.32
TABLE 4
Detection criteria results for each of the eight KOIs surveyed in this work. Only KOI-314.02 and KOI-784.01 pass the five criteria listed
here.
KOI B1 B2a B3a B4a F2
KOI-463.01 X (+2.89 σ) X (−0.33) X (4.82%) X (FAP=29.86%) X (∆χ2 = 27.8 for N = 1815)
KOI-314.02 X (+14.3 σ) X (+0.28) X (0.00%) X (FAP=0.066%) X (∆χ2 = −925.0 for N = 9161)
KOI-784.01 X (+6.50 σ) X (+0.32) X (0.00%) X (FAP=0.018%) X (∆χ2 = −39.0 for N = 9431)
KOI-3284.01 X (+3.32 σ) X (+0.58) X (94.2%) X (FAP=37.28%) X (∆χ2 = 15.8 for N = 597)
KOI-663.02 X (+0.76 σ) X (−0.44) X (38.8%) X (FAP=47.61%) X (∆χ2 = 12.8 for N = 9676)
KOI-1596.02 X (+1.62 σ) X (+0.34) X (2.09%) X (FAP=34.13%) X (∆χ2 = −4.1 for N = 322)
KOI-494.01 X (+1.23 σ) X (−0.46) X (39.6%) X (FAP=30.55%) X (∆χ2 = 16.0 for N = 836)
KOI-252.01 X (+1.82 σ) X (+0.52) X (0.40%) X (FAP=16.13%) X (∆χ2 = −4.9 for N = 33048)
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Fig. 1.— TTVs (left) and TDVs (right) for the planetary candidate of KOI-463. Points used in the photodynamical moon fits are filled
circles, whereas those points ignored for subsequent predictive tests are open circles. Bottom panels show the periodograms of the TTVs &
TDVs (which use the entire available data set).
in the light curve. KOI-252.01 is the only object in this
survey which we classify in this category.
As seen in Table 4, B1 and B4a are both failed for
KOI-252.01. The latter is because the derived (MS/MP )
peaks away from zero (at around 0.5) and yet is ex-
tremely disperse over the entire prior. The former essen-
tially implies that whatever is driving the fit is actually
of relatively low significance.
By definition of being a spurious photometric detec-
tion, the (MS/MP ) posterior has a mode at zero when
we enforce (RS/RP ) = 0 in the 13-dimensional model
SR0. The results from this model are now consistent
with a null detection and thus we may derive upper lim-
its on (MS/MP ) as usual (this is similar to the procedure
used for KOI-303.01 in Kipping et al. 2013a). For KOI-
252.01 then, we derive that (MS/MP ) < 0.33 to 95%
confidence.
3.4. Spurious Dynamical Detections
6 Kipping et al.
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Fig. 2.— TTVs (left) and TDVs (right) for the planetary candidate of KOI-3284. Points used in the photodynamical moon fits are filled
circles, whereas those points ignored for subsequent predictive tests are open circles. Bottom panels show the periodograms of the TTVs &
TDVs (which use the entire available data set).
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Fig. 3.— TTVs (left) and TDVs (right) for the planetary candidates of KOI-663. Each row shows the observations (circles) with the
best-fit sinusoid from a periodogram using the same coloring as that for which the name of the planet is highlighted in on the RHS. For
KOI-663.02, points used in the photodynamical moon fits are filled circles, whereas those points ignored for subsequent predictive tests are
open circles. Bottom panels show the periodograms of the TTVs & TDVs (which use the entire available data set), with vertical grid lines
marking the locations where one might expect power from planet-planet interactions.
TABLE 5
Summary of the highest power peaks found in the periodograms of the TTVs and TDVs of the planetary candidates analyzed in this work.
KOI TTV Period [d] TTV Amp. [mins] TTV Signif. TDV Period [d] TDV Amp. [mins] TDV Signif.
KOI-463.01 125.1 6.5 4.8σ 123.6 7.1 2.3σ
KOI-314.02 112.9 21.7 9.3σ 307.3 6.9 3.9σ
KOI-314.01 913.8 2.5 3.8σ 38.7 3.1 2.4σ
KOI-314.03 434.0 16.4 3.2σ - - -
KOI-784.01 541.9 25.6 4.9σ 53.9 54.1 4.8σ
KOI-784.02 29.0 7.2 3.3σ - - -
KOI-3284.01 176.9 84.8 5.3σ 97.9 5.0 3.3σ
KOI-663.02 133.1 4.2 2.5σ 116.6 15.0 2.9σ
KOI-663.01 11.1 2.0 2.9σ 50.1 7.1 5.4σ
KOI-1596.02 1050.0 22.1 2.7σ 802.7 48.5 1.7σ
KOI-1596.01 36.1 24.1 2.7σ - - -
KOI-494.01 116.1 13.1 2.6σ 116.1 33.9 2.7σ
KOI-252.01 128.4 3.3 3.4σ 81.1 12.9 2.9σ
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Fig. 4.— TTVs (left) and TDVs (right) for the planetary candidates of KOI-1596. Each row shows the observations (circles) with the
best-fit sinusoid from a periodogram using the same coloring as that for which the name of the planet is highlighted in on the RHS. For
KOI-1596.02, points used in the photodynamical moon fits are filled circles, whereas those points ignored for subsequent predictive tests
are open circles. Bottom panels show the periodograms of the TTVs & TDVs (which use the entire available data set), with vertical grid
lines marking the locations where one might expect power from planet-planet interactions.
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Fig. 5.— TTVs (left) and TDVs (right) for the planetary candidate of KOI-494. Points used in the photodynamical moon fits are filled
circles, whereas those points ignored for subsequent predictive tests are open circles. Bottom panels show the periodograms of the TTVs &
TDVs (which use the entire available data set).
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Fig. 6.— TTVs (left) and TDVs (right) for the planetary candidate of KOI-252. Points used in the photodynamical moon fits are filled
circles, whereas those points ignored for subsequent predictive tests are open circles. Bottom panels show the periodograms of the TTVs &
TDVs (which use the entire available data set).
KOI-314.02 and KOI-784.01 are the only two remain-
ing KOIs and we classify these both as spurious dynami-
cal detections. A-priori, these two systems have the high-
est chance of exhibiting significant planet-planet inter-
actions since KOI-314.02 and KOI-314.01 reside near a
5:3 period commensurability and KOI-784.01 and KOI-
784.02 are close to 2:1. In the case of KOI-314, there is
a third planetary candidate interior to the other two, for
which the closest commensurabilities are 9:4 and 5:4 rel-
ative to KOI-314.02 and KOI-314.01 respectively. Given
that the 9:4 commensurabily does not usually exhibit
strong perturbations and the fact KOI-314.03 is three
times smaller than the other two KOIs, the lack of any
observed interactions induced by this candidate is not
surprising.
For both KOI-314.02 and KOI-784.01, the moon model
S yields an (MS/MP ) posterior peaking at unity (i.e. the
solutions favor binary planets). Formally, all of the detec-
tion criteria are satisfied despite this, as seen in Table 4.
From the TTVs shown in Figures 7 & 8 and the list of pe-
riodogram frequencies detailed in Table 5, it is clear that
significant power exists at long-periods for both objects.
Since exomoons always have an orbital period less than
that of the planet they are bound to (Kipping 2009a),
the moon interpretation requires these to be aliases of
the true short period. However, producing such a long
period requires fine tuning of the moon’s period. This is
easily visualized in Figure 9, where one can see that for
both cases we require a moon’s period to be nearly 1:2
commensurable to the planet’s period, with a small fre-
quency splitting which induces the longer super-period.
Such fine tuning is a strong blow to the moon hypothesis
since there is no known example of a Solar System moon
being in such a near-commensurability.
A crude but useful tool in studying TTVs of multi-
planet systems is to estimate the “super-period” of the
TTVs assuming the variations are sinusoidal (Xie 2013).
Consider two planets with orbital periods P ′ and P
where P ′ > P . For two planets in a kth order MMR, the
ratio of the orbital periods is simply (P ′/P ) ≃ j/(j− k),
where k is an integer satisfying 0 < k < j and j de-
fines the mutual proximity of the MMR. Following the
approximate theory of Xie (2013), the expected period-
icity of the observed TTVs, the so-called “super-period”,
is given by:
∆ ≡
(
P ′
P
)(
j − k
j
)
− 1, (3)
PTTV =
P ′
j|∆|
. (4)
For the KOI-314 and KOI-784 systems, we have
marked PTTV on the periodograms shown in Figures 7
& 8. The pair KOI-314.01/.02 indeed shows power at
this frequency and performing a full dynamical fit of
the TTVs (described in the Appendix) retrieves a quasi-
sinusoidal signal conforming with this frequency. In con-
trast, our dynamical fits of KOI-784.01/.02 reveal a non-
sinusoidal waveform, which explains why the expected
super-period has no accompanying power in the peri-
odogram.
In both systems, the TTVs fitted by our moon model
S produce an essentially equally good fit to the data as a
planet-planet interaction model. This is clearly evident
by comparing the fits shown in Figures 7 & 8. However,
the moon model requires an entirely new object to be
introduced into the system to explain the observations,
whereas the planet-planet models naturally explain the
TTVs simply using the known transiting planets. This
fact, combined with the previously discussed concerns
with the moon hypothesis, leads us to conclude that both
KOI-314 and KOI-784 are spurious dynamical detections
i.e. a planet-planet perturbation is the most likely un-
derlying reason via Occam’s Razor.
For both KOI-314 and KOI-784, we conducted two sets
of dynamical TTV fits where we turned on/off the mass
of the planets. Since our fits are conducted with Multi-
Nest, we may compare the Bayesian evidences to eval-
uate the statistical significance of the claimed interac-
tions, for which we find healthy confidences of 24.2σ
and 6.7σ for KOI-314.01/.02 and KOI-784.01/.02 re-
spectively. The maximum a-posteriori fit through the
TTVs & TDVs (where available) reduces the χ2 from
1440.1→ 335.2 with 218 observations for KOI-314.01/.02
and 487.7 → 340.0 with 166 observations for KOI-
784.01/.02. A simple F-test based on these χ2 changes
finds confidences of 17.1σ and 7.1σ for KOI-314.01/.02
and KOI-784.01/.02 respectively, showing good consis-
tency with the Bayesian evidence calculation.
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Fig. 7.— TTVs (left) and TDVs (right) for the planetary candidates of KOI-314. Each row shows the observations (circles) with
the best-fit sinusoid from a periodogram using the same coloring as that for which the name of the planet is highlighted in on the RHS.
Additionally, we show the best-fit moon model in blue and best-fit planet-planet model in orange. For KOI-314.02, points used in the
photodynamical moon fits are filled circles, whereas those points ignored for subsequent predictive tests are open circles. Bottom panels
show the periodograms of the TTVs & TDVs (which use the entire available data set), with vertical grid lines marking the locations where
one might expect power from planet-planet interactions.
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Fig. 8.— TTVs (left) and TDVs (right) for the planetary candidates of KOI-784. Each row shows the observations (circles) with
the best-fit sinusoid from a periodogram using the same coloring as that for which the name of the planet is highlighted in on the RHS.
Additionally, we show the best-fit planet-planet model in orange. For KOI-784.01, points used in the photodynamical moon fits are filled
circles, whereas those points ignored for subsequent predictive tests are open circles. Bottom panels show the periodograms of the TTVs
& TDVs (which use the entire available data set), with vertical grid lines marking the locations where one might expect power from
planet-planet interactions.
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Fig. 9.— Posterior distribution for a putative moon’s orbital pe-
riod for KOI-314.02 (upper panel) and KOI-784.01 (lower panel).
In both cases, the observed long-period TTV requires a finely tuned
moon period close to a 2:1 commensurability with the planet, which
we deem quite improbable.
Statistics aside, Figure 7 shows that our fits for KOI-
314.01/02 clearly reproduce the dominant pattern in
the data. The two sets of TTVs exhibit visible anti-
correlation, which is a well-known signature of planet-
planet interactions (Steffen et al. 2012) and so further
improves our confidence in this fit. Finally, we note that
the derived solution is dynamically stable for ≥Gyr and
yields physically plausible internal compositions for both
objects (see Table 6).
Although MultiNest only identifies one mode and
thus the solution appears unique, the unweighted pos-
teriors show high likelihood solutions extending down a
thin tail of higher eccentricities and higher masses. These
solutions have much lower sample probability since they
require the fine tuning of ∆̟ ≃ 0 to explain the data.
Given our assumption of uniform priors in ̟, the likeli-
hood multiplied by the prior mass, which defines the sam-
ple probability, is much lower along this tail and thus has
a much lower Bayesian evidence. For this reason, this tail
does not appear when MultiNest outputs the weighted
posteriors. We decided to explore this tail in a second
fit by enforcing a lower limit of (MP /M⋆) > 1.5× 10
−5.
The mode which is picked up by MultiNest down this
tail is easily identified as unphysical, since it requires
that 77.4% of KOI-314.01’s posterior samples exceed the
mass-stripping limit of Marcus et al. (2009) (i.e. the den-
sity is unphysically high). The fact the solution is both
unphysical and has a much lower sample probability al-
lows us to discard it.
We therefore consider the original solution to be the
only plausible explanation for the TTVs. We subse-
quently consider these planetary candidates to be con-
firmed as exhibiting interactions and thus are real plan-
ets given the low derived masses. We refer to KOI-314.01
and .02 as KOI-314b and KOI-314c respectively from
here on. Note that KOI-314.03 exhibits no detectable
signature in any of the TTVs and thus this object re-
mains a planetary candidate at this time.
Formally, our dynamical model for KOI-784.01/.02 is
favored over a non-interacting model at ∼7σ. Despite
this, we prefer to consider these two objects a tentative
detection at this time. Our caution is based on the fact
that it is difficult to actually see any structure in the ob-
served TTVs (see Figure 8). Further, there is an appar-
ent lack of power in the .01 periodogram at the expected
super-period and yet considerable power at ∼ 500d (see
Table 5). Our best fitting TTVmodel does not reproduce
any power at 500d, but does have its dominant power at
the super-period. For these reasons, it is unclear whether
our model is just fitting out some non-white noise com-
ponent remaining in the data. Despite this, we note
that the derived solution is apparently unique, dynam-
ically stable and again yields physically plausible inter-
nal compositions for both objects (see Figure 11). Our
favored solution yields significant eccentricity for KOI-
784.01 of e = 0.182+0.014−0.021, which is also noteworthy. We
attempted to repeat the fits enforcing low eccentricities
but this yielded an implausibly dense composition for
KOI-784.01 with 99.1% of the trials exceeding the mass
stripping limit of Marcus et al. (2009). We argue that
confirmation of this signal could be made by collecting
further TTVs or identifying an object responsible for the
∼500d periodogram peak, either through transits or ra-
dial velocities.
Following the strategy of Nesvorny´ et al. (2012) for
KOI-872b, we adjusted the time stamps of the de-
trended photometry for these two systems by offsetting
the best-fitting dynamical planet-planet model transit
times. Since the interacting planets must orbit the same
star, this allows us to re-fit the photometry with a com-
mon mean stellar density (ρ⋆) and common limb dark-
ening coefficients (q1 and q2) using a simple planet-only
model. Combining this information yields improved and
self-consistent parameters for each planet. In these fits,
the eccentricity and argument of periastron passage for
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Fig. 10.— Posterior distributions for the mass and radius of planets KOI-314b and KOI-314c. The joint posteriors in the corners
reveal that the inner planet, b, is likely rocky, whereas the Earth-mass outer planet, c, likely maintains an extended atmosphere comprising
≥ 17+12−13% of the total radius.
the planetary candidates are fixed to the maximum a-
posteriori values from the dynamical fits (note they are
all low eccentricity). This combined model is referred to
as Cbc, where the subscript denotes that planets b and
c were assumed to orbit the same star. Rather than at-
tempt to fit a moon model through these adjusted data,
we take the conservative approach of simply stating that
we cannot place any constraints on the presence of moons
for these KOIs due to the strong planet-planet interac-
tions.
Our derived final parameters for the KOI-314 and
KOI-784 systems are provided in Table 6. It is worth
noting that the light curve derived stellar density from
KOI-314b and KOI-314c (ρ⋆,obs) is ∼ 2σ discrepant
with that expected from the stellar parameters derived
by Pineda et al. (2013) (ρ⋆,spec), with (ρ⋆,obs/ρ⋆,spec) =
0.55+0.23−0.16, whereas the other densities appear consistent.
We suggest that this is likely a result of the adjusted
photometry used to derive ρ⋆,obs containing some resid-
ual TTVs or TDVs due to either unaccounted for per-
turbing bodies or the unpropagated uncertainty of the
best-fitting dynamical model itself. As discussed recently
in Kipping (2013b), residual perturbations cause an un-
derestimation of ρ⋆,obs via the photo-timing and photo-
duration effects. Using the photo-timing expressions of
Kipping (2013b), a residual TTV of ≃2minutes ampli-
tude would be sufficient to explain the low (ρ⋆,obs/ρ⋆,spec)
observation. This is entirely plausible given that the
residuals of the best-fitting TTV model for KOI-314c
exhibit an r.m.s. of 4.0minutes. A light curve derived
stellar density with improved accuracy and more realistic
uncertainties could be derived using a full photodynam-
ical model for the planet-planet interactions (Kipping
2013b), however this is outside the scope of this work
and it is unclear what insights Asterodensity Profiling
(AP) could provide superior to the TTVs in any case for
this object.
4. DISCUSSION & CONCLUSIONS
4.1. Discovery of an Earth-mass Planet
Although it is not the principal goal of our work, a
by-product of our dynamical investigations has yielded
the confirmation of an Earth-mass planet, KOI-314c,
and a super-Earth, KOI-314b. KOI-314c is the low-
est mass transiting planet discovered to date (see Fig-
ure 12), with a mass of MP = 1.0
+0.4
−0.3M⊕. This may be
compared to the next lowest mass transiting object cur-
rently known, Kepler-78b (Sanchis-Ojeda et al. 2013),
withMP = 1.7±0.4M⊕ (Howard et al. 2013; Pepe et al.
2013) determined using the radial velocity method. Re-
markably, whereas Kepler-78b has a density similar to
that of the Earth and thus is likely rocky, KOI-314c is
60% larger than the Earth with a mean density around
four times lower at ρP = 1.3
+0.8
−0.5 g cm
−3.
Insights into the composition of this Earth-mass, but
decidedly non-Earth-like, world can be gleaned by com-
puting the “minimum atmospheric height” (RMAH), as
discussed in Kipping et al. (2013c). For KOI-314c, we
12 Kipping et al.
Fig. 11.— Posterior distributions for the mass and radius of planetary candidates KOI-784.01 and KOI-784.02. The joint posteriors in
the corners show physically sound compositions, where the outer body (.01) has a lower density than the inner world (.02).
TABLE 6
Final parameter estimates for the KOI-314 and KOI-784 systems. Parameters come from both a transit light curve model and a
dynamical TTV model to account for the planet-planet perturbations between KOI-314b/c and KOI-784.01/.02. For these two pairs of
objects, the transit model assumes a common star. Reference epochs of 770 & 800 BKJDUTC are used for the dynamical fits of KOI-314
& KOI-784 respectively, where BKJDUTC =BJDUTC − 2, 454, 833.
∗ = fixed quantity.
KOI 314b 314c 314.03 784.01 784.02
P . . . . . . . . . . . . . . . 13.78164+0.00019−0.00014 23.08933
+0.00071
−0.00071 10.312921
+0.000060
−0.000064 19.2729
+0.0019
−0.0012 10.06543
+0.00018
−0.00016
τ [BKJDUTC] . . . 742.87635
+0.00033
−0.00040 725.1404
+0.0014
−0.0013 741.9915
+0.0021
−0.0022 803.4428
+0.0021
−0.0021 800.5997
+0.0021
−0.0020
(MP /M⋆)× 10
−5 2.03+0.76−0.65 0.53
+0.21
−0.18 - 1.31
+0.84
−0.63 2.89
+0.97
−0.71
(RP /R⋆) . . . . . . . . 0.02730
+0.00087
−0.00070 0.02731
+0.00085
−0.00072 0.00753
+0.00078
−0.00050 0.0322
+0.0020
−0.0015 0.0345
+0.0025
−0.0019
e . . . . . . . . . . . . . . . . 0.050+0.049−0.025 0.024
+0.030
−0.016 - 0.182
+0.014
−0.021 0.027
+0.027
−0.018
ω [◦] . . . . . . . . . . . . . 72+47−28 170
+130
−120 - 18.4
+8.0
−5.7 170
+130
−110
Ω [◦] . . . . . . . . . . . . . 270∗ 300+40−150 - 270
∗ 0+140−140
ρ⋆,obs [g cm
−3] . . . 2.75+0.70−0.47 2.75
+0.70
−0.47 5.3
+2.1
−1.9 5.2
+1.4
−1.8 5.2
+1.4
−1.8
b . . . . . . . . . . . . . . . . 0.922+0.011−0.015 0.767
+0.033
−0.048 0.31
+0.28
−0.21 0.32
+0.27
−0.22 0.838
+0.046
−0.033
q1 . . . . . . . . . . . . . . . 0.355
+0.074
−0.051 0.355
+0.074
−0.051 0.79
+0.15
−0.24 0.65
+0.22
−0.24 0.65
+0.22
−0.24
q2 . . . . . . . . . . . . . . . 0.45
+0.32
−0.28 0.45
+0.32
−0.28 0.84
+0.12
−0.24 0.58
+0.25
−0.28 0.58
+0.25
−0.28
MP [R⊕] . . . . . . . . 3.83
+1.51
−1.26 1.01
+0.42
−0.34 - 2.2
+1.5
−1.1 4.9
+1.8
−1.3
RP [R⊕] . . . . . . . . . 1.61
+0.16
−0.15 1.61
+0.16
−0.15 0.446
+0.062
−0.050 1.69
+0.24
−0.23 1.82
+0.26
−0.25
ρP [g cm
−3] . . . . . . 5.0+3.0−2.0 1.31
+0.82
−0.54 - 2.5
+2.6
−1.4 4.6
+3.7
−1.9
RMAH/RP . . . . . . −0.20
+0.16
−0.18 0.17
+0.12
−0.13 - 0.01
+0.21
−0.23 −0.27
+0.32
−0.33
u1 . . . . . . . . . . . . . . . 0.80
+0.19
−0.27 0.80
+0.19
−0.27 1.57
+0.22
−0.35 1.17
+0.26
−0.35 1.17
+0.26
−0.35
u2 . . . . . . . . . . . . . . . −0.20
+0.32
−0.22 −0.20
+0.32
−0.22 −0.70
+0.27
−0.15 −0.40
+0.31
−0.21 −0.40
+0.31
−0.21
Seff [S⊕] . . . . . . . . . 6.8
+1.5
−1.3 3.39
+0.74
−0.65 9.9
+2.1
−1.9 3.34
+1.05
−0.86 7.8
+2.5
−2.0
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Fig. 12.— Masses and radii of all confirmed transiting planets
at the time of writing (gray points). The parameters for KOI-
314b/c and KOI-784.01/.02 derived in this work are shown black,
which includes the lowest mass transiting planet to date, KOI-
314c. The dashed lines represent internal composition models from
Zeng & Sasselov (2013) assuming no atmosphere.
estimate RMAH = 0.27
+0.22
−0.22R⊕, which would constitute
17+12−13% of the planet by radius fraction. The confidence
of an atmosphere being present is 89.3% using the tech-
nique described in Kipping et al. (2013c). It therefore
seems probable that KOI-314c is enveloped in a gaseous
light atmosphere, for which a H/He composition would
be the most plausible candidate.
With a low density and thus low surface gravity of
just g = 3.8+2.0−1.5ms
−2, KOI-314c should have a consid-
erable scale height. Using Equation 36 of Winn (2010),
we estimate that the amplitude of the transmission spec-
troscopy signal may be up to 60 ppm, which may be com-
pared to the transit depth of 620ppm i.e. ∼10%. In addi-
tion, whilst KOI-314 has a magnitude of 12.9 in Kepler’s
bandpass, the target becomes quite bright towards the
infrared with K = 9.5 (Cutri et al. 2003). Thus, KOI-
314c is not only the first Earth-mass transiting planet
but also the first potentially characterizable Earth-mass
planet. Radial velocity measurements are unlikely to di-
rectly improve the mass estimate since we expect a semi-
amplitude of 0.33+0.13−0.11m/s due to planet c. However, we
do predict a potentially detectable 1.50+0.56−0.48m/s due to
planet b, whose determination may aid in refining our
dynamical solution.
Both the KOI-314b/c pair and the KOI-784.01/.02
pair appear to have properties consistent with a his-
tory of photo-evaporation. In both cases, we have one
inner planet with a density consistent with a mostly
rocky world and one outer planet with a density sug-
gestive of a significant gaseous envelope (although KOI-
784.02 can also be explained as being a nearly pure
water world). This dichotomy has been seen pre-
viously with Kepler-36b/c (Carter et al. 2012), which
Lopez & Fortney (2013a) attributed as a signature of
photo-evaporation. The incident bolometric fluxes for
KOI-314b/c and KOI-784.01/.02 are modest at .10S⊕
(see Table 6) and thus less than the typical level expected
to induce photo-evaporation (Lopez & Fortney 2013b).
However, the EUV and X-ray fluxes may be significantly
enhanced for M-dwarf stars, such as KOI-314 and KOI-
784, meaning it is quite plausible that photo-evaporation
may be responsible for the observed densities.
4.2. Exomoon Survey Results
In this survey, we find no compelling evidence for an
exomoon around any of the eight KOIs analyzed. Out of
these eight, we find five null detections and one spurious
photometric detection and we are able to derive robust
upper limits on the satellite-to-planet ratio, (MS/MP ),
in these cases. The other two KOIs are spurious dynami-
cal detections for which we are unable to derive any upper
limits on (MS/MP ). The final posterior distributions for
(MS/MP ) are shown in Figure 13.
Our fits only provide limits on (MS/MP ) and not MS
directly. Since the planetary masses of the six con-
strained cases are unknown, then MS cannot be obser-
vationally constrained. If we assume the planetary can-
didates are real, then one may invoke a mass-radius re-
lation to provide an approximate estimate of the typ-
ical MS values being probed in our survey. For this
calculation, we use the empirical two-component mass-
radius relation recently derived byWeiss & Marcy (2013)
from 63 KOIs with radii below 4Earth radii (appropriate
for our sample). This yields MS . 4.4, 0.36, 1.3, 3.2, 3.3
& 2.2 M⊕ to 95% confidence for KOI-463.01, 3284.01,
663.02, 1596.02, 494.01 & 252.01 respectively. This
may be compared to the seven objects studied in sur-
vey I (Kipping et al. 2013a), for which we find MS .
0.09, 4.2, 5.9, 0.36, 0.17, 1.32 & 0.07M⊕ for KOI-722.01,
365.01, 174.01, 1472.01, 1857.01, 303.01 & 1876.01 re-
spectively. In general, survey I certainly probed down to
lower (MS/MP ) ratios but the actual limits on MS are
only modestly better for the survey I sample than this
survey.
Although survey I appears to probe down to lower
limits, it is unclear exactly why this is the case. Al-
though survey I defined no precise constraints on the
stellar hosts, almost all of the stars are K/G-dwarfs with
a median effective temperature of 5600K versus 3800K
for the sample studied here. From the basics of exo-
moon detection theory, one should expect the dominant
constraint to come from the TTV effect which scales as
∼ (MS/MP )aSBPP /aB∗ (Sartoretti & Schneider 1999;
Kipping 2011b). Replacing aSB and aB∗ with period-
related terms via Kepler’s Third Law, we therefore ex-
pected (MS/MP ) ∼ TTV/(pPP ). We find no empiri-
cal correlation between our derived (MS/MP ) limits and
this term using several reasonable metrics to quantify the
TTV signal-to-noise. Similarly, variants of the signal-to-
noise of the transits appear to have no clear correlation
to the derived (MS/MP ) limits either. This may be be-
cause our sample is still relatively small and thus it re-
mains difficult to identify anomalous points which skew
the sample.
With this paper, the HEK project has now surveyed
17 planetary candidates for evidence of an exomoon
(Nesvorny´ et al. 2012; Kipping et al. 2013a,b and this
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Fig. 13.— Posterior distributions for the mass ratio between a putative exomoon and the Kepler planetary candidates studied in this
work. KOI-314c and KOI-784.01 are dynamical spurious detections induced by planet-planet interactions. KOI-252.01 is a photometric
spurious detection and so we provide the posterior from model SR0 to provide a corrected estimate of the mass-ratio upper limit. The
remaining five planetary candidates are null-detections.
work). In all cases, we find no compelling evidence for
such an object with considerable range in the derived
upper limits on the satellite-to-planet mass ratio down
to 1% and upper limits on the (estimated) satellite mass
down to 0.1M⊕. As discussed in the last paragraph, it
remains unclear why such diversity exists in our care-
fully selected sample. However, the best case sensitivi-
ties match the predictions made in Kipping et al. (2009),
supporting the hypothesis that Kepler is capable of de-
tecting sub-Earth mass moons. At this stage, with just
17 objects surveyed, the sample size is too small to de-
duce any meaningful occurrence rate statistics although
it would seem that large moons are at least not ubiqui-
tous. In future work, we will expand the sample with
the ultimate goal of providing a measurement of the oc-
curence of large moons around viable planet hosts, η$.
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APPENDIX:PLANET-PLANET DYNAMICAL FITS
We here provide details on how the dynamical planet-planet fits to the TTVs and TDVs were executed. In all cases,
the regressions were executed using MultiNest (Feroz et al. 2008, 2009), which is able to fully explore complex and
multi-modal parameter space and report on the uniqueness and relative significances of any modes identified. The
dynamical model called by MultiNest considers the planets placed in general orbits, which are numerically integrated
forward in time using a code based on a symplectic N -body integrator known as swift mvs (Levison & Duncan 1994).
swift mvs is an efficient implementation of the second-order map developed by Wisdom & Holman (1991) and in
practice we apply a symplectic corrector to improve the integrator’s accuracy, as discussed in Wisdom et al. (1996).
Our model computes the mid-transit times and durations by interpolation as described in Nesvorny´ et al. (2013).
With an integration time step of 1/20 of the orbital period, the typical precision is better than a few seconds, which is
better than needed because the measurements generally have >1minute errors. We use MultiNest with a Gaussian
likelihood function on the transit times and durations, using 4000 live points and a target efficiency of 0.1, to fully
explore the parameter space and locate plausible solutions.
The low radius of KOI-314.03 coupled with the lack of period commensurability meant that TTVs from this object
would be . seconds in amplitude and thus would be undetectable with our measurements. For both KOI-314 and
KOI-784 then, we only consider dynamical two-planet fits. Accordingly, the dynamical model has 14 parameters: the
mass ratios (M1/M⋆) & (M2/M⋆), the orbital periods P1 & P2, the time for each planet to evolve on an unperturbed
orbit from tref to the mid-transit time of a selected transit (τ1 & τ2; see Carter et al. 2012), eccentricities e1 & e2,
pericenter longitudes ̟1 & ̟2, nodal longitude difference ∆Ω = (Ω2 − Ω1), impact parameters b1 & b2, and stellar
density ρ⋆.
We use the transit reference system (Nesvorny´ et al. 2012), where the nodal longitude Ω1 = 270
◦ by definition, and
we define the reference inclination, ι, to be zero when the impact parameter, b, is zero. The reference time, tref , was
chosen to be close to the mid-transit time of a selected transit. Uniform priors were used for all parameters, except for
ρ⋆, for which we used a Gaussian prior based on the spectoscopic stellar parameters (and held M∗ fixed at the best-fit
value). Note that the parameters P1 & P2 are the osculating periods at tref and as such they are not exactly equal to
the mean periods inferred from the photometric analysis.
